We report an experimental study of photocarrier lifetime, transport, and excitation spectra in silicon-on-insulator doped with sulfur far above thermodynamic saturation. The spectral dependence of photocurrent in coplanar structures is consistent with photocarrier generation throughout the hyperdoped and undoped sub-layers, limited by collection of holes transported along the undoped layer. Holes photoexcited in the hyperdoped layer are able to diffuse to the undoped layer, implying 9 ( )~5 10 h
INTRODUCTION
Pulsed laser irradiation enables the production semiconductors that have compositions not readily attainable with other methods and that exhibit interesting and potentially useful optical properties [1, 2] . Recently, optically smooth sulfur-supersaturated crystalline silicon has been fabricated in thin film form using ion implantation followed by nanosecond pulsed laser melting [3] . This new material exhibits an unexpectedly high sub-bandgap absorption coefficient [2, 3] . The nature of the transitions that give rise to this absorption has not yet been determined, however free carrier absorption has been ruled out. The present work is an attempt to elucidate the excitation and photoconduction mechanisms in hyperdoped silicon devices.
EXPERIMENT
Hyperdoped layers were prepared by implantation of sulfur into a thin crystalline siliconon-insulator (SOI) layer, followed by pulsed laser melting to rapidly recrystallize the implanted layer while retaining a high dopant concentration [3] . For the current study, the SOI layer was 260 nm thick with a 1000 nm oxide. The peak implant density of ~10 20 cm -3 is about 110 nm deep. After laser melting of the top 200 nm, the peak S density is about 2.5x10 19 cm -3 . The back 50 nm of the SOI layer is not melted in order to act as a seed layer for crystalline regrowth. Au surface contacts for coplanar measurements were evaporated with a 0.8 mm gap.
The optical absorption coefficient for a hyperdoped layer prepared by implantation of 10 15 S ions per cm 2 followed by pulsed laser melting is plotted against wavelength in Fig. 1 [4, 5] . Dilute sulfur doping leads to donor impurity levels 0.3 eV below the conduction band [6, 7] . It has been proposed that hyper-doping with S leads to an impurity band [3] . About 10% of S impurities lead to carriers in the conduction band [8] . 19 cm -3 [9, 10] . Electron Hall mobility of ~ 50 cm 2 /Vs has been reported in similar materials [7] . Photocurrent under typical illumination levels is orders of magnitude smaller than dark current, so steady state photocurrent was detected using chopping and lock-in techniques [11] . Transient photocurrent was measured using a 5 nanosecond nitrogen laser pumped dye laser at 650 nm and oscilloscope.
RESULTS AND DISCUSSION
Photocurrent magnitude was nearly linear in voltage for applied voltages less than 0.5 V and displayed saturation for voltage greater than ~1.2V (Fig. 2) . For a given applied voltage, cw photocurrent was linear with intensity. Transient photocurrent measurements, extrapolated to zero applied field, yielded exponential current decay with decay lifetime of ~40 s µ . We note that this is a surprisingly large value for heavily doped material -typical free carrier lifetimes for heavily doped material are less than 10 ns [12] . Saturation of photocurrent with increasing voltage occurs in metal-semiconductor-metal devices either when primary photocarriers are not re-injected or when the minority carrier drift length drift L E µτ = exceeds the length of the sample [11] . Reinjection of electrons is likely, due to the ohmic contacts, so photocurrent is likely limited by minority carrier extraction. Our observed saturation field of ~20 V/cm for a sample width of 0.8 mm yields The combination of high drift mobility and long decay lifetime is not expected for photocarrier transport in hyperdoped Si -long decay lifetime implies carrier trapping and trapping decreases drift mobility [13] . We therefore propose a photocarrier model in which electron and hole photocarriers are quickly separated into different layers of the sample. The structure of the sample, sketched in Figure 3 , provides a mechanism. The doping profile is abrupt, leaving the bottom ~50 nm seed layer with much less active sulfur [3, 14] . This leads to a profile in which photoexcited holes can diffuse or drift a short distance to the undoped seed layer and electrons remain in the hyperdoped layer, as shown in case A in the sketch. If the ( ) µτ product for holes in the seed layer exceeds that of electrons in the hyperdoped layer, then photocurrent saturation occurs when holes are swept from the bottom layer, recombining with electrons in the external circuit. The photocurrent spectrum, normalized to display electronic charge collected per incident photon (external quantum efficiency), is plotted in Fig. 4 for wavelength from 365 nm to 1550 nm. External quantum efficiency for applied voltage of 1 V is 0.1 to 0.3 electrons per incident photon for wavelength from 600 to 1000 nm. Absorption interference fringes are expected and observed due to the multilayer SOI structure. The external quantum efficiency decreases rapidly for wavelengths above 1100 nm and drops to less than 10 -7 at 1550 nm. The external quantum efficiency also drops for wavelengths shorter than 500 nm. The continuous line was collected using a monochromator system, while the individual points were collected using LEDs and lasers.
The absence of response beyond 1200 nm further constrains the photoconduction models. Collection efficiency for sub-bandgap excitation is at least 10 4 times smaller than would be expected if the photocarrier were the same for above and below gap excitation. Sub-bandgap absorption should result in a free electron and a trapped hole in an impurity state in the hyperdoped layer (illustrated as case B in the sketch in Fig. 3 ). The electron collection efficiency would then be
, where L is the distance between contacts. Absorptance in the hyperdoped layer at 1550 nm is about A=10 -2 , so the observed collection efficiency of < 3x10 -7 implies n n µ τ < 2x10 -7 cm 2 /V in the hyperdoped layer.
The free electron lifetime in the hyperdoped layer is expected to be shorter than 1 ns because the equilibrium density of holes (in impurity states) is high (~10 18 cm -3 ). Assuming reasonable values from the literature of free carrier mobility of 50 cm 2 /Vs [7] and lifetime of Photocurrent response at 365 nm, where absorption is entirely in the hyperdoped material, is 10 5 times greater than in the infrared. This is explained if holes generated at the top surface can diffuse or drift about 150 nm to the undoped layer. Assuming diffusion-limited transport, this yields an estimate of 
CONCLUSIONS
Experimental measurement of coplanar photoresponse in a 260 nm thick silicon on insulator layer sets limits on photocarrier excitation, recombination, and transport. We propose that:
i) Electron-hole pairs excited with above bandgap radiation separate into hyperdoped and seed layers, leading to longer than expected lifetimes.
ii) The n+ contact-metal band structure allows holes to escape easily, but they cannot be re-injected. (This leads to saturation. ) iii) Electron-hole pairs excited with sub-bandgap radiation leave holes trapped on the impurity states in the hyperdoped layer, which provide sites for rapid recombination.
iv) The fall off of response for wavelengths shorter than 400 nm is consistent with the short lifetime and diffusion length proposed for holes and electrons in the hyperdoped layer. These model assumptions lead to limits on the free carrier mobility-lifetime product for carriers in S-hyperdoped material of n n µ τ < 2x10 
